We demonstrate new mechanisms for gate tunable current partition at topological zero-line intersections in a graphene-based current splitter. Based on numerical calculations of the non- a perpendicular magnetic field on the order of a few Teslas allows for carrier sign dependent current routing. In the zero-field limit the control on current routing and partition can be achieved within a range of 10%-90% of the total incoming current by tuning the carrier density at tilted intersections, or by modifying the relative magnitude of the bulk band gaps via gate voltage. We discuss the implications of our findings in the design of topological zero-line networks where finite orbital magnetic moments are expected when the current partition is asymmetric.
a perpendicular magnetic field on the order of a few Teslas allows for carrier sign dependent current routing. In the zero-field limit the control on current routing and partition can be achieved within a range of 10%-90% of the total incoming current by tuning the carrier density at tilted intersections, or by modifying the relative magnitude of the bulk band gaps via gate voltage. We discuss the implications of our findings in the design of topological zero-line networks where finite orbital magnetic moments are expected when the current partition is asymmetric.
Introduction. Topological charge transport channels can be tailored at the interfaces of insulating systems with topologically nontrivial bulk gaps. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Traditionally, the honeycomb lattices of graphene single and multilayers have provided a suitable platform that support a variety of quantum Hall phases including the anomalous Hall, 1 valley Hall, 18 spin Hall 6,7 effects depending on their relative spin-valley flavor dependent gap signs. 13, 19 At the domain wall interfaces between different bulk gap signs, in particular for the one-dimensional zero-line modes appearing at the interface between regions with opposite valley Hall conductivities, [20] [21] [22] [23] [24] [25] [26] [27] numerical studies have shown transport properties that are robust against backscattering, leading to practically ballistic transport through zero-line modes with mean free paths of the order of hundreds of microns in relatively clean samples. 28, 29 This remarkable robustness against backscattering would be preserved in the presence of turns and bends of the zero lines suggesting that essentially arbitrary trajectories would preserve excellent transport qualities. Recent years have witnessed experimental progresses towards the realization of these zero-line channels through careful gate alignment 29, 30 or in samples of bilayer graphene with stacking faults. 31 While the field is yet in its infancy, it is expected that research of transport along topological zero lines will thrive in a near future.
A somewhat more complex but rich device setup consists of two intersecting zero lines, along which the injected current can partition. 28 The outgoing current is in principle allowed to propagate only when the relative signs of the surrounding valley Hall gaps preserve the chirality of the incoming current. In a perpendicular intersection, the current injected through one of the leads is partitioned evenly into two outgoing channels, whereas in two intersecting zero lines with tilted angles, the current partition follows a rule analogous to the Snell's refraction laws of conventional optical beam splitters. 32 Numerical studies have shown that these zero-line beam splitters consisting of nodes of intersecting zero lines are expected to preserve the current partition properties for rather strong disorder potentials that are comparable to the size of the band gap, 28 suggesting that these current partition behavior can be present in actual devices.
In this Letter, we present a new proposal for current routing in a zero-line beam splitter setup that is controllable through a single backgate, which takes advantage of a rather special carrierdependent tunability of the current partition laws at zero-line intersections. We identify new control knobs that can tune the current partition in addition to the zero-lines intersection angle reported in an earlier work. 32 The system parameters that introduce changes in the current partition laws include the (a) Fermi energy, (b) different relative masses, and (c) perpendicular magnetic field, all of which can be more easily modified in a device than the intersection angles. In the following, we discuss briefly the system setup of intersecting zero lines based on graphene before we move on to investigate the influence in the current partition of these newly proposed system control parameters.
Intersecting zero-lines. In the following, we present our analysis of the transport properties on the single layer graphene with mass terms due to staggered sublattice potentials. We expect that the same conclusions will hold for other chiral two dimensional gas systems like Bernal stacked bilayers as verified in earlier work. 28 The corresponding tight-binding Hamiltonian for the system we study is written as this paper, we use the potential size of ∆/t = 0.05 unless otherwise specified.
Fermi-level tuning. At the charge neutrality point, the current partition can be explicitly determined by a function that depends only on their intersection angles. 32 Here we show that away from the charge neutrality point the current partition laws are modified when the zero-line segments make an angle different from the simple case of 90 • . How the partition laws can be modified as a function of Fermi energy is shown in Fig. 1 (c) where G DR represents the conductance for currents injected through the R lead flowing towards the D lead. Bearing in mind that
for a spinless system, we note that near charge neutrality a greater amount of current partitions towards the lead that has a sharper turn angle. When the Fermi level is shifted away from the neutrality point towards the bulk gap edges E F ±∆, we find that the conductances gradually reach equipartition G DR = G UR = e 2 /2h.
Relative mass variation.
A different system parameter that can change the partition of the currents is the relative magnitude of the mass terms that defines the zero line. As pointed out in Ref. 32 , the wavefunctions of the zero-line modes are widely spread across the zero line, and the overlap between the incoming and outgoing wavefunctions can be counted as the main factor that determines the current splitting. The spatial decay of the zero-line-mode wave functions into the bulk follows an exponential law ∝ e −x/x 0 in the direction x perpendicular to the zero line where x 0 ∼ 1/∆ dictating the length scale of the tail is inversely proportional to the size of the band gap ∆ in the bulk. 32 One natural conclusion is that the relative magnitude of the band gaps surrounding the incoming and outgoing leads should allow to change the ratio of the partitioned currents into U and D leads. For sake of clarity, we focus our discussions for a setup with the angle between R and D being α = 90 • where all contiguous leads are perpendicular to each other.
We adopt two different mass sizes in the four quadrants that we label as ∆ 1 and ∆ 2 . In Figs. 2(a) and 2(c), we show two different configurations for the mass sizes, i.e., " + ∆ 1 , −∆ 2 , −∆ 2 , +∆ 1 " and that, for the former case, the conductances G UR and G DR are highly sensitive to the relative gap sizes ∆ 1 /∆ 2 , e.g., when ∆ 1 > ∆ 2 (∆ 1 < ∆ 2 ), much more current goes through the up (down) zero line. We discuss here the specific example of ∆ 1 < ∆ 2 . As mentioned earlier, the wavefunction decays across the zero line into the bulk exponentially with a tail length depending on the inverse of the mass ∆ −1 . As shown schematically in Fig. 2(a) , for the " + ∆ 1 , −∆ 2 , −∆ 2 , +∆ 1 " setup, the wavefunction decays faster in the larger mass region (blue lines) making the current incoming from the right lead spread more widely in the smaller mass ∆ 1 region. At the bifurcation point, there is more overlap between the wave functions incoming from the right and then turning to the down lead than for the turn to the up lead.
The situation is different for the second example " + ∆ 1 , −∆ 1 , −∆ 2 , +∆ 2 " where the partition of the current incoming from R remains equal for both U and D leads as indicated in the lower panel of Fig. 2(b) . This can be understood if we keep in mind that the wavefunction from R lead overlap with an equal ratio for both U and D leads distributing equally with a 50%-50% partition despite that the spatial distribution of the wave functions are different on each side of the zero line.
By further making use of the relations G RU = G LD , G LU = G RD and G ij = G ji , 32 it is guaranteed that the current from any zero line must be equally partitioned. These observations indicate that the overlap ratio between the incoming and outgoing wave functions is of major relevance for the determination of the current partition laws.
Influence of a perpendicular magnetic field. A third control knob that influences the current partition for this system consists in an external perpendicular magnetic field. Once again we focus on the setup with α = 90 • and set the masses at all quadrants to be equal, i.e., " + ∆, −∆, −∆, +∆" for sake of simplicity and to emphasize the influence of magnetic field on the current partition. The perpendicular magnetic field is applied evenly in the whole system, including the central scattering regime and all the four terminals. The vector potential is chosen to be A = (−By, 0, 0) for the horizontal leads and the central regime, so that the system has the translational symmetry along the x direction, whereas for the U and D vertical leads we set the vector potential to be A = (0, Bx, 0) when recursively calculating the the self-energies. A proper gauge transformation is included so that the self-energies from U, D leads are compatible with those in the central regime as well as the L, R leads. 33 In Fig. 3, we show the conductance G UR as a function of magnetic field B for different Fermi energies E F , where one can find that, when B = 0, the current is equipartitioned to both U and D leads for every value of E F but this symmetry is broken as soon as a small magnetic field is applied. The asymmetry in the partition increases when we carrier dope the system. In particular, when the Fermi level approaches the bulk band gap edges, the current tends to saturate to either the U or D lead depending on the direction of the magnetic field and carrier doping, see Insight about this partition asymmetry can be gained if we consider that the center of the soliton wave packet on U or D is shifted to either right or left due to the Lorentz force acting on the charge density. This lateral displacement of the wave packet in the presence of a magnetic field breaks the even current partition symmetry towards the U and D leads, see the Supporting Information for more details. Moreover, as we change the Fermi energy away from the middle of the bulk band gap, the shift of the soliton wave functions is enhanced, which further increases the asymmetry of the wave function overlap and thus the current partition until eventual saturation. It is noteworthy that the magnetic-field assisted partition would act in opposite senses for the electron-like or hole-like cases as shown in Figs. 3(b) and 3(c) where the Fermi energy is above (below) the middle of bulk band gap for the former (latter) case. We can find that the current partition in the presence of an out-of-plane magnetic field, the electron (hole)-like doped system, more current is partitioned into U (D) lead in consistent with Lorentz force. In the lower panels of Figs. 3(b) and 3(c) , we show the wavefunction distributions of electron-like and hole-like states under magnetic field where one can clearly find that, for the electron-like case, the magnetic field moves the wavefunctions of R and U leads towards each other and thus the current tends to partition into U lead. The partition is opposite for the hole-like case. This carrier-type dependent current partition in the presence of a uniform magnetic field makes it possible to exercise control of current partition through external gating, which is preferable in practical device applications since the operation with electric signals has a faster switching speed than reversing the magnetic fields due to limitations from the circuit's inductance. Therefore, a device setup under a constant magnetic field and variable carrier densities through an external gate would in principle allow efficient current partition control by switching the propagation direction of the majority carriers.
Current partition network. Networks consisting of multiple intersection of zero-line nodes are natural extensions of a single zero-line beam splitter setup whose collective behavior can dictate other collective current partition properties. The specific behavior of transport in a zero-line network will depend on system specific details such as the number of nodes, their distribution, and the way that the contact leads are connected to the zero lines. In the following, we have carried out an analysis of the current partition properties in a few specific setups of zero-line network that can be illustrative for understanding the behavior in a more generic case. As a first approximation, we considered in our discussions fixed current partition ratios expected from single zero-line beam splitter node calculations and neglecting quantum interference effects between the nodes, as well as tunneling to neighboring parallel zero lines that are potentially relevant at the nanoscale. The main observation is that the current injected into the network of zero lines will partition successively at the nodes and diffuse as the current magnitude decreases progressively. This diffusion of the injected currents create loops in opposite directions at alternating mass domains as represented in Fig. 4 . This observation suggests that enhancement of transport in a zero-line network can be achieved when the leads are connected at alternating zero-line leads such that the chirality of the current is the same, see Fig. 4 . We expect that in this type of devices it should be possible to create alternating domains with opposite orbital moments by simply injecting and collecting a stream of current that passes through the network region, and a net orbital moment will be generated when current partition asymmetry is introduced by the introduction of a finite magnetic field and finite carrier density as discussed earlier. Analysis of transport when several zero-line leads are simultaneously contacted by the same electrode at each side of a rectangular device is discussed in the Supporting Information for the two different limiting cases of 2 × N and M × 2 for long and wide networks, as well as M × M networks with M, N = 1-10 as representative cases that illustrate the generic current transport and partition behavior in a zero-lines network.
Summary. In summary, in this work we have studied the tunability of the current partition properties at a topological zero-line intersection node that can be designed by appropriately reversing the staggered sublattice potential in graphene, or more generically reversing the mass signs of a chiral two dimensional gas. We have identified new system parameters that can be used as control knobs for altering the current partition properties, which had not been discussed in earlier literature including the Fermi level, the ratio of the mass terms at each side of the zero line, and an uniform external magnetic field. In particular, the combination of Fermi level tuning in the presence of a finite perpendicular magnetic field allows to switch in opposite senses the current partition asymmetry by changing the Fermi level from electron-like to hole-like case. This possibility is particularly attractive as it provides a new way of routing the current by applying an appropriate electric gate potential in conventional field effect transistor setups. We have also studied the network of zero lines and shown that such network allows to efficiently diffuse the injected current by forming domains with alternating orbital moments of opposite signs, and maximum current injection happens when same chirality currents are injected at alternating leads. The total orbital moment can be obtained by summing the opposite contributions from alternating domains and they have maximum cancellation when we assume equal partition, while a finite magnetization should develop when there is an asymmetry in the partition. This behavior makes it possible to devise ultrathin nano-mesoscale electromagnet circuits where a finite magnetization can be induced by injecting current into a zero-line network with partition asymmetry, whose magnetization orientation should be switchable using external gates. 
